The temporal relationship between potentially inappropriate medication (PIM) use and hospitalization remains uncertain. We examined whether current PIM use increases the rate of hospitalization and estimated the rate of hospitalization during exposure to individual PIMs.
Introduction
The use of medications deemed potentially inappropriate due to an unfavourable benefit-to-risk profile represents an endemic problem affecting older adults globally [1] [2] [3] [4] . Inappropriate prescribing poses a particular risk for the older adult population owing to various factors, including cognitive and physiological changes associated with the ageing process. The increased exposure to potentially inappropriate medications (PIMs) among the elderly is inextricably linked to the larger burden of multimorbidity and polypharmacy in this population [5, 6] . Interactions between a complex medication regimen, physiological changes due to ageing (e.g. altered drug metabolism) [7] and multiple chronic diseases coalesce to inflate the risk of harm for a patient exposed to PIMs.
Sets of explicit guidance have been developed to evaluate medication use further and address the challenge of selecting appropriate medications for the older adult population. Practice-based guidance documents, including the Beers criteria and the Screening Tool of Older Persons' Potentially Inappropriate Prescriptions (STOPP) criteria, are available to guide prescribing [8, 9] . These criteria classify medications based upon the estimated risk of clinical harm vs. clinical benefit [8] , with PIMs defined by an estimate of net harm when the medication is used for the population under consideration. These criteria can be used as clinical guidelines to evaluate the prevalence of PIM exposure, develop interventions and evaluate postintervention trends [1, [8] [9] [10] [11] . Ultimately, the main purpose of these criteria is to improve clinical outcomes; however, the links between PIM exposure and prominent health outcomes of interest to patients and health system stakeholders remain to be fully elucidated.
Several recent analyses of administrative claims have found patients with PIM exposure to have an increased risk of hospitalization compared with unexposed patients [3, [12] [13] [14] [15] , while other hospital-based studies have reported rates of PIM-related hospitalization to be relatively low [16] [17] [18] . Throughout this body of literature, the temporal association between PIM exposure and outcome has been heterogeneously defined, and a full accounting of exposed person-time for the purpose of incidence rate estimation and quantification of the relative velocity of adverse outcomes among current PIM users and non-users has been largely unaddressed. Therefore, in the absence of a timedependent accounting of exposure and confounding factors, a level of ambiguity exists about whether, and the magnitude to which, PIMs truly increase the risk of patient harm during the period of exposure.
Leveraging a large, comprehensive, longitudinal database in the Emilia-Romagna region of Italy, we sought to evaluate the relationship between PIM exposure and hospitalization. Specifically, our aim was to determine whether current PIM exposure increases the rate of hospitalization, while defining PIM exposure using an Italian-modified version of the Beers criteria -namely, the Maio criteria [1, 10, 11, 19] . Additionally, we estimated the rate of hospitalization during exposure to each individual PIM.
Methods

Setting
Italy has a single-payer healthcare system, whereby healthcare is delivered by the 21 regional governments through a network of geographically defined local health authorities. Each patient is registered with a general practitioner or a paediatrician within a specific local health authority [20, 21] .
Study design and data source
We conducted a retrospective cohort study using the EmiliaRomagna regional database, which contains de-identified, fully linked, longitudinal administrative claims data for around 4.5 million inhabitants. The Emilia-Romagna database includes demographics, hospital data and outpatient prescription information. The pharmacy records capture all prescriptions reimbursed by the Italian National Formulary and filled in an outpatient setting, which are identified using the Anatomical Therapeutic Chemical (ATC) classification system [22] and the coding system of the Italian Ministry of Health, which contains a unique numerical code for each medication available in Italy.
Study population
The study period encompassed 1 January 2003 until 31 December 2013, with baseline information collected beginning 1 January 2002. Patients aged 65 years and older who resided in the region for the entirety of 2002 entered the study cohort at the start of follow-up. The cohort remained open for the duration of the study period, with entry by new patients at the earliest time that they had achieved both the age of 65 and 1 year of residence in Emilia-Romagna for those immigrating into the region. The follow-up time ended for individuals at the first of any of the following events: the end of the study period, emigration out of the region, hospitalization for more than 30 consecutive days or death.
Outcome
Hospital records were used to identify events for patients included in the study. The hospitalizations included as outcome events in the study were unplanned ordinary admissions that resulted in an overnight stay. The study evaluated all-cause hospitalizations and no diagnoses were excluded.
Exposure
The Maio criteria are an Italian modified version of the Beers criteria described elsewhere [19, 23] . The first version of the Maio criteria was developed in 2007 and it was subsequently revised to produce 2011 and 2014 versions (v2007, v2011 and v2014, respectively). The revisions were made to reflect changes in current research evidence, clinical practice, addition of new medications onto the market, and prescribers' opinion and experience. The criteria consist of three distinct categories of PIMs: medications that 'should always be avoided', medications that are 'rarely appropriate' and medications that have 'some indications' for use in older adults but that are frequently misused. The category of medications that 'should always be avoided' is divided into those reimbursed by the Italian National Formulary, and therefore detectable in the pharmacy records, and those not reimbursed (the full list of the 2014 Maio criteria is available in Table S1 ). As the objective of the present study was to estimate the association between PIM exposure and hospitalization using the Emilia-Romagna database, PIM exposure was defined as reimbursed PIMs that 'should always be avoided' as the net clinical effect of these medications is expected to be negative, regardless of indication. A comprehensive list of the reimbursed medications classified as 'should always be avoided' from each of the three versions of the Maio criteria can be found in Table 1 .
Several important changes were implemented across the three versions of the Maio criteria. Digoxin was reclassified from medications that 'should always be avoided' in v2007 to medications that have 'some indications' in v2011 and v2014. This was done as a result of clinicians' belief that the benefits of digoxin outweigh the risks in certain patients. Cimetidine was removed from the medications that 'should always be avoided' for v2011 and v2014 because of decreases in utilization. Ferrous sulphate was removed from the 'always be avoided' category because clinicians no longer felt that prescribing patterns exposed patients to substantial risks. Furthermore, nitrofurantoin was removed from the 'always be avoided' class because it is no longer covered by the Italian National Formulary and its utilization is no longer observable in the database. The dose-related use of spironolactone, escitalopram and citalopram dosages in excess of specified thresholds were added to the 'always be avoided' class, starting with the v2011 Maio criteria. Owing to an increase in use and an accumulation of evidence demonstrating an elevated risk of bleeding, ticlopidine was reclassified and added to the 'always be avoided' class in v2014. Finally, imipramine, nortriptyline, trimipramine and clomipramine were added to the 'always be avoided' class in the v2014 Maio criteria (Table 1) .
Exposure to PIMs was defined for the present study using solely the class of medications that 'should always be avoided'. These PIMs are described as either ineffective or as unnecessarily high risk for the elderly population, based on current evidence, and for which safer alternative medications might exist on the formulary [19] . Each day of follow-up was defined as exposed or unexposed for each patient. Exposure to PIMs was operationalized as the estimated number of days supplied for each medication of interest [19] , plus 30 days. The 30-day period following the last day of the supply period was included to reflect medication usage patterns in a realworld setting with partial non-adherence and medication accumulation. If a hospitalization event occurred during a period of exposure to at least one PIM, that event was associated with the PIM (i.e. a PIM-related hospitalization).
Statistical methods
Sample characteristics were calculated using person-time exposed to PIM vs. not exposed to PIM for each patient. This approach quantifies the amount of time that each individual was exposed and not exposed to a PIM in person-years and represents the sample characteristics as the proportion of person-time contributed by patients with a given characteristic and exposure status. This does not necessarily estimate the number of individuals that were ever exposed or not exposed to PIMs but does more accurately represent the relationships between study variables and the PIM exposure time used in rate estimates. Crude PIM-related hospitalization rates were calculated for each individual PIM by dividing the total number of hospitalizations related to a given PIM by the cumulative exposure time (per 1000 person-years of exposure) to that PIM in the cohort over the study period. Crude PIM-related hospitalization rates were calculated in the same manner for each version of the Maio criteria.
The rate of hospitalization among those experiencing PIM exposure was compared with the rate of hospitalization among those not experiencing PIM exposure in the population using a repeated-events Cox proportional hazards model with time-dependent covariates, using the counting process style of input. A time-dependent variable was used to represent PIM exposure, which can repeatedly 'switch on' and 'switch off' for an individual as their PIM exposure status changes over time. The model was adjusted for gender and time-dependent covariates for age, the number of non-PIMrelated hospitalizations in the previous four quarters and the number of chronic conditions in the previous four quarters. The number of chronic conditions was calculated based on the chronic condition drug groups (CCDGs), which uses the number of prescriptions to identify up to 31 specific chronic diseases [24] . The number of CCDGs represents the number of distinct chronic conditions that an individual has had in the previous four quarters. This number and the number of non-PIM-related hospitalizations were updated in each quarter, for each individual, throughout the study period. Using the hazard ratio (HR) from the Cox proportional hazards model, the population attributable fraction of hospitalizations due to v2014 PIMs was estimated {attributable fraction = [prevalence of exposed person-time*(HR-1)]/[prevalence of exposed person-time*(HR-1)] + 1]} and this fraction was multiplied by the total number of hospitalizations to estimate the number of hospitalizations attributable to PIM.
Owing to the computational intensity of fitting this model to such a large dataset of repeated events and timedependent covariates, the model could not be fitted at one time. To address this, we randomly split the cohort up into 10 subsets with roughly equal numbers of individuals. The model was fitted to each of the 10 subsets to estimate 10 independent and identically distributed (iid) parameter estimates. Applying the central limit theorem and what we know about the distribution of the sum of iid normal random variates, we aggregated the 10 parameter estimates (i.e. the log HRs) for each model covariate by computing their means. The standard error for each of the aggregated parameter estimates was calculated by computing the mean of the 10 parameter variance estimates, dividing by 10 and taking the square root. These standard deviations were used to compute 95% confidence intervals (CIs) around the parameter estimates before antilogging the parameter and CI estimates to arrive at the HRs and their respective CIs in the whole cohort.
The Thomas Jefferson University Institutional Review Board determined that the study did not comprise human subjects research.
Results
Demographics
The study included a total of 1 480 137 individuals, with a median follow-up period of 7.2 years, with interquartile range (IQR) [3.2, 10.9] ( Table 2) . A total of 802 815 (54.2%) 
Hospitalization rates during potentially inappropriate medication use among older adults individuals in the study were exposed to a PIM at least once. Out of the total of 10 004 367 person-years of follow-up, 1 094 682 person-years were attributed with v2014 PIM exposure, accounting for 10.9% of the total time. Persons over the age of 75 contributed 49.6% of person-time in the full study cohort; 31.4% of total follow-up time in the cohort was contributed by individuals with four or more chronic conditions. The majority of exposed person-time was contributed by patients older than 75 years (57.6%) and by those with four or more chronic conditions (54.7%). Nearly a fifth (18.6%) of exposed person-time was contributed by those with a history of previous hospitalizations.
Hospitalizations and PIM exposure
The number of hospitalizations which occurred while patients were exposed to one or more v2014 PIMs was 249 673 (15.6%) ( Table 3 ). The crude rates of hospitalization during v2014 PIM-exposed and unexposed person-time were 228.1 and 152.1 hospitalizations per 1000 person-years, respectively. Crude rates for individual PIMs ranged from a minimum of 57.4 (oestrogen) to a maximum of 1137.9 (ketorolac) hospitalizations per 1000 person-years ( 
Multivariable analysis
In the multivariable repeated events Cox proportional hazard model, the hazard of hospitalization was 16% greater (HR = 1.16, 95% CI 1.14, 1.18) during exposure to the v2014 Maio criteria PIMs ( Table 5 ). The HR estimates across different versions of the Maio criteria were directionally aligned and of similar magnitude (v2007: HR = 1.24, 95% CI 1.24, 1.25; v2011: HR = 1.12, 95% CI 1.12, 1.13).
Discussion
The hazard of hospitalization was increased during exposure to PIMs in this large population-based cohort of 1 480 137 older adults with more than 10 million years of observation and nearly 1.1 million years of PIM exposure. The 16% increase in the hazard of hospitalization during exposure to medications classified as 'should always be avoided' by the v2014 Maio criteria was largely consistent with 24% and a Chronic conditions are calculated based on the chronic condition drug groups [24] , which uses the number of prescriptions to identify 31 specific chronic diseases PIM, potentially inappropriate medication; PY, person-years 12% increased hazards during exposure to medications classified as 'should always be avoided' in the v2007 and v2011 criteria, respectively. Crude rates of hospitalization were consistently high during exposure to individual PIMs. Effect estimates for PIM exposure were largely consistent across the three versions of the Maio criteria. Digoxin rescheduling in the 2011 version of the Maio criteria was reflected in the notable decrease from 24% to 12% greater risk during PIM exposure as defined by the 2007 and 2011 versions, respectively. This decrease was observed despite the additions of three new medications with high hospitalization rates in 2011 (citalopram, escitalopram and spironolactone), as digoxin is a highly utilized medication in the elderly population with a high potential for harm. The risk with PIM exposure increased from 12% for v2011 to 16% after the addition of ticlopidine in v2014. It is unsurprising that this drug was implicated in a large number of hospitalizations. Ticlopidine is a highly utilized antiplatelet agent in Emilia-Romagna, and haematological agents have been reported as the source of 42% of adverse drug event (ADE)-related hospitalizations in the United States [16] . Our findings for ticlopidine are comparable with those of an earlier study which reported an adjusted odds ratio for unplanned hospitalization of 1.50 for ticlopidine exposure [25] . The NSAID class accounted for a sizable amount of exposed person-time, and the crude rate of hospitalization during NSAID exposure was numerically greater than the crude rate during PIM unexposed time, in line with prior research documenting high utilization and increased risk with NSAIDs [3, 25] .
Previous research
The international body of literature supporting the association between PIM exposure and hospitalization continues to expand [3, [12] [13] [14] [15] 25] . A large segment of this research has applied intent-to-treat designs and estimated HRs for hospitalization over a duration of follow-up for PIM-exposed patients compared with patients either unexposed or exposed to a PIM alternative at each individual's index time point. With such approaches, an initial exposure to a PIM is hypothesized to precipitate a near-term adverse event and hospitalization, or instead to initiate a cascade of events leading to subsequent adverse health outcomes observed during the course of follow-up. It is important to consider the mechanism and latency period underlying PIM risk in the context of high variability in medication usage patterns over time in real-world settings. In the majority of patients, PIM use will not produce an immediate adverse outcome, and the patient's altered risk due to PIM exposure is anticipated to return to baseline once the PIM is removed. Thus, our study's 'as-treated' design is instructive and complementary to previous 'intent-to-treat' studies of PIM exposure and hospitalization.
Endres et al. analysed health insurance claims for nearly 400 000 German patients exposed to a PIM or PIM alternative, as defined by the PRISCUS list [13] . The adjusted HR in the primary 180-day all-cause hospitalization analysis indicated a 38% increased hazard of hospitalization for PIM-exposed patients. More than half (58%) of patients were exposed to PIM for one quarter or less [13] , highlighting the temporal distancing between exposure and outcome with extended intent-to-treat follow-up. A similar claims-based study of nearly 50 000 Swiss patients enrolled in managed care plans estimated the risk of hospitalization in the year following an incident PIM dispensing as defined by the PRISCUS list [14] . Compared with unexposed patients, the risk of hospitalization increased with the quantity of PIM exposures during the observation year from a HR of 1.13 for a single PIM to 1.63 for more than three PIMs [14] . A dose-response relationship was also reported in a study by Price et al., with increasing odds ratios for unplanned hospitalization observed for each additional PIM exposure and with increasing volumes of defined daily doses [25] .
In another study of approximately 150 000 commercially insured managed care enrollees in the United States, PIM exposure, as defined by the 2012 Beers criteria, was associated with an increased risk of ADEs, emergency department visits and hospitalization (HR: 2.17, 2.00, 2.03, respectively) in the month following the PIM exposure [12] . Similar estimates were obtained when defining PIM exposure using either the Beers 2003 or STOPP criteria. The primary analytical approach applied a time-dependent exposure definition, although the classification of exposure occurred at the month level. The overall hospitalization rate during the approximately 2.5 years of follow-up (67 per 1000 person-years) was lower than during the unexposed time in the Emilia- Hospitalization rates during potentially inappropriate medication use among older adults Romagna cohort (152 per 1000 person-years), potentially suggestive of population level health-status and health system differences [12] . Based upon hospital surveillance data, nearly 100 000 hospitalizations have been estimated to be attributable to ADEs in the United States each year, representing roughly 0.3% of the 35 million short-stay hospitalizations occurring annually [16] . Remarkably, inappropriate medications, as classified by the Beers criteria, were implicated in only 3.2% (6.6% if digoxin was included) of the ADE hospitalizations, roughly 0.01% of the 35 million short-stay hospitalizations [16] . Although these values have been acknowledged to be underestimates due to limited exposure data and reliance on 
Strengths and limitations
The present study examined PIM exposure for a populationlevel cohort of more than 1 million patients for more than a decade of observation. The universal healthcare system minimized loss to follow-up and facilitated near-complete visibility to exposure and outcome events, including for NSAIDs, a medication class typically unobserved in claims owing to their availability over the counter. Time-dependent exposure classification throughout the study ensured a strong temporal association between PIM use and outcome events, while also permitting the calculation of incidence rates. Timedependent covariate definitions for comorbid disease burden and prior hospitalizations mitigated potential sources of time-varying confounding. The evaluation of PIMs, as defined by all three generations of the Maio criteria, provided insight into the impact of changes to the criteria. Limitations were consistent with those of a claims-based retrospective cohort study. The use of pharmacy dispensing data to determine medication exposure relies on the assumption that patients who fill their prescriptions also take them as prescribed. An important limitation was the inability to determine whether any individual hospitalization was truly caused by PIM exposure. However, the close temporal association between exposure and hospitalization, the adjustment for prominent time-dependent confounders, and alignment with prior research supports the validity of the increased hazard of hospitalization reported during PIM exposure. Intuitively, the relationship between PIMs and hospitalization is driven by the way that PIMs are defined. Certain medications, most prominently long-acting benzodiazepines, are classified on the full Maio criteria as 'should always be avoided' but dispensings are not detectable in the EmiliaRomagna pharmacy database because these medications are not reimbursed by the Italian National Formulary. As long-acting benzodiazepines have been estimated to be associated with an increased hospitalization risk of 16-27%, depending upon the medication [25] , our findings may represent an underestimate of the risk associated with PIM exposure. Finally, additive effects of multiple concurrent PIM exposures were not examined; this is an area requiring further investigation.
Conclusion
In a large population-based cohort of older adults, we found a sizeable increase in the hospitalization rate during exposure to PIMs, as defined by each of the three versions of the Maio criteria. With accumulating evidence suggesting an increased hospitalization risk with PIM exposure, it has become critically important to understand the risks associated with particular drug classes and individual medications. A thorough characterization of the differences in risk between patient subgroups and across medications is needed to guide clinical practice meaningfully. As was the case with digoxin, certain medications considered to be potentially inappropriate will have a net benefitrisk profile supporting their use in certain older adults in the context of patient-centred care and precision medicine. Despite such exceptions, in aggregate, the prevalence of PIM exposure remains remarkably high. Thus, it remains imperative that researchers produce instructive evidence to influence prescribers, while informing ongoing expansion and revision of various PIM criteria. Interventions designed to disseminate evidence, educate clinicians and reduce PIM prescribing are needed to achieve the overarching goal of minimizing the burden of PIM-related ADEs for patients and the healthcare system.
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